, respectively. Bax deletion significantly inhibited caspase-3 activation and hippocampal TUNEL reactivity but did not prevent the majority of CD deficiency-induced neuropathology, including the persistence of pyknotic neurons, elevated cortical TUNEL reactivity, lysosome dysfunction and autophagic stress, neurodegeneration, and neuron loss. Together, these results suggest that CD deficiency-induced neuropathology does not require Bax-dependent apoptosis and highlights the importance of caspase-independent neuron death and neurodegeneration resulting from the genetic disruption of lysosome function.
Introduction
Cathepsin D (CD) hydrolyzes select peptide bonds of target proteins with high specificity and is the predominant lysosomal aspartic acid protease (Saftig et al., 1995) . CD is variably expressed in all tissues and is abundantly expressed in the brain (Whitaker and Rhodes, 1983; Reid et al., 1986) . Mice deficient in CD die by postnatal day 26 (P26) Ϯ 1 from failure to thrive, triggered by intestinal necrosis, thromboembolia, and lymphopenia (Saftig et al., 1995) . The genetic disruption of lysosome function by CD deficiency induces a lysosomal storage disorder characterized in the brain by the progressive accumulation of undigested lipopigment and the accumulation of proteins including subunit c of mitochondrial F 1 F 0 ATPase (Koike et al., 2000) , features similar to that found in CLN-2, a late infantile form of neuronal ceroid lipofuscinosces/Batten disease (NCL) (Haltia, 2003; Goebel and Wisniewski, 2004) .
NCL is a group of fatal, autosomal recessive pediatric neurodegenerative diseases that lack effective treatment (Haltia, 2003) . Interestingly, levels of the protein tripeptidyl peptidase I increase in CD-deficient mouse brain but decrease in human NCL-2, suggesting that CD deficiency defines a novel subtype of NCL (Koike et al., 2000 Shacka and Roth, 2005) . Mutations in CD with dramatically reduced enzymatic activity and resultant neurodegeneration have been reported in sheep (congenital ovine NCL) and American bulldogs (Tyynela et al., 2000; Awano et al., 2006) . CD mutations have been reported recently in humans, and case studies suggest the potential importance of CD activity levels on age of onset of NCL-like symptoms (Siintola et al., 2006; Steinfeld et al., 2006) . Significant decreases in CD activity have been documented in a teenaged patient (Steinfeld et al., 2006) , whereas a complete absence of CD activity was associated with congenital NCL and early neonatal mortality (Siintola et al., 2006) .
CD-deficient neurons exhibit increased markers that indicate activation of the intrinsic apoptotic pathway that is critically me-diated by Bax, a pro-apoptotic member of the Bcl-2 family. On receipt of a death signal, Bax translocates to mitochondria and induces release of cytochrome c, which forms a critical component of the apoptosome and leads ultimately to activation of effector caspases and cell death (Jurgensmeier et al., 1998; Shacka and Roth, 2006) . The importance of Bax in apoptotic cell death is underscored by in vitro and in vivo studies of its targeted deletion, which indicate attenuation of neuron apoptosis and increased survival, both during nervous system development and in models of neuron death (Deckwerth et al., 1996; Shindler et al., 1997 Shindler et al., , 1998 White et al., 1998) .
The term "autophagic stress" is used to define the aberrant accumulation of autophagosomes in cells and may be related to specific compromises in macronutrient degradation (Chu, 2006) . Autophagic stress in CD-deficient brain has been shown previously to precede markers of apoptosis, suggesting that CD deficiency-induced lysosome dysfunction may contribute to the induction of apoptosis (Koike et al., 2000 Nakanishi et al., 2001; Walls et al., 2007) . However, because the relative importance of apoptosis to CD deficiency-induced neuropathology is poorly defined, combined Bax-and CD-deficient mice were generated, and markers of cell death, apoptosis, neurodegeneration, and autophagic stress were assessed. Although Bax deficiency clearly reduced apoptosis in CD-deficient brain, it did not attenuate non-apoptotic death, neurodegeneration, or autophagic stress.
Materials and Methods
Animals. C57BL/6J mice were used in all experiments. Mice were cared for in accordance with the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All animal protocols were approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham. The generation and characterization of mice deficient in bax and cathepsin d has been described previously (Knudson et al., 1995; Saftig et al., 1995; Shindler et al., 1997) . Genotyping of bax was determined by PCR analysis of tail DNA extracts as described previously (Shindler et al., 1997) . Genotyping of cathepsin d was performed using primers specific for the wild-type (WT) allele (5Ј-AGACTAACAGGCCTGTTCCC and 3Ј-TCAGCTGTAGTTGCTCAC-ATG) and primers specific for the knock-out allele (5Ј-CTCG-TCCTGCAGTTCATTCA and 3Ј-CCCCTCAGCTGTAGTTGCTC). Mice that were determined to be heterozygous and homozygous dominant for Bax and CD were pooled together for the WT control group, except where indicated. Mice were weighed daily beginning on P8 and killed on P26 or earlier if they appeared in distress. For DeOlmos silver stain histochemistry, animals were perfused transcardially with saline, followed by 4% paraformaldehyde, pH 7.4, in 0.1 M Tris. Perfused brains were subsequently postfixed in 4% paraformaldehyde, 0.9% sodium chloride, and 0.1% sodium cacodylate for at least 2 d before sectioning. For all other immunohistochemistry and Western blot analysis, brains obtained from nonperfused animals were cut sagitally along the midline; one-half of each brain was frozen immediately for Western blot analysis, whereas the other half was submerged in Bouin's fixative overnight at 4°C for immunohistochemical analysis.
Hematoxylin and eosin stain. Five-micrometer-thick sagittal sections from paraffin-embedded brains were deparaffinized with Citrisolv (Fisher Scientific, Pittsburgh, PA) and isopropanol, followed by incubation with Harris's modified hematoxylin with acetic acid (Fisher Scientific) for 90 s, and rinsed with distilled H 2 O. Hematoxylin-stained slides were next decolorized by a 5 s dip in acid-ethanol (1% concentrated HCl in 70% ethanol) and incubated with bluing reagent (1% ammonium hydroxide in distilled H 2 O) for 15-20 s, followed by distilled H 2 O wash. Slides were next incubated with Eosin Y (Surgipath Medical Industries, Richmond, IL) for 75 s, followed by incubation with ethanol (95 and 100%) and xylene, and mounted with Cytoseal 60.
Microscopy and image capture. All images from tissue sections were examined with a Zeiss (Thornwood, NY) Axioskop microscope equipped with epifluorescence, and images were captured using Zeiss Axiovision software. All images were exported subsequently to Adobe Photoshop (Adobe Systems, Mountain View, CA) for presentation.
Autofluorescence. Five-micrometer-thick sagittal sections from paraffin-embedded brains were deparaffinized as above and coverslipped with PBS-glycerol (1:1). Autofluorescence was visualized using a 470 nm short-pass excitation filter and a 520 nm long-pass emission filter. Images with an area of 0.4 m 2 were captured using equal exposure times and equal, nonsaturating threshold levels as determined by Zeiss Axiovision software. Pixel intensity (designated as autofluorescence units) for each image was counted after export of images to Adobe Photoshop. Images were captured from three contiguous fields of the CA1-CA2 hippocampal region, the cortex (immediately dorsal to the CA1 hippocampal region), and thalamus. For each brain region, autofluorescence units from the three contiguous fields were averaged together. Autofluorescence units were also calculated from one 0.4 m 2 image captured from within the subiculum, an area that relays synaptic information between the CA1 hippocampal region and the cortex and was defined anatomically in sagittal sections as the area immediately posterior to the CA1 region of the hippocampus and ventral to the cortex and corpus callosum.
Chromogenic in situ detection of cleaved caspase-3, neuronal nuclear antigen, and light chain 3. Five-micrometer-thick sagittal sections from paraffin-embedded brains were deparaffinized as above, subjected to antigen retrieval in citrate buffer with heat, and incubated for 5 min with 3% H 2 O 2 in PBS to reduce endogenous peroxidase activity. Sections were incubated in PBS blocking buffer (PBSBB; 1% BSA, 0.2% evaporated milk, and 0.3% Triton X-100 in PBS) for 30 min, followed by overnight (4°C) incubation in PBSBB with mouse anti-neuronal nuclear antigen (NeuN; Chemicon, Temecula, CA), rabbit anti-cleaved caspase-3 (Cell Signaling, Beverly, MA), or rabbit anti-light chain 3 (LC3) (Lu et al., 2005) primary antibodies. After PBS washes, slides were incubated with HRP-conjugated secondary antibodies (donkey anti-rabbit or antimouse IgG, 1 h at room temperature; Jackson ImmunoResearch , West Grove, PA), followed by PBS wash. Antibody localization was detected by Tyramide Signal Amplification (PerkinElmer Life Sciences, Norwalk, CT) using biotin-conjugated tyramide (30 min at room temperature, followed by PBS wash), followed by the addition of streptavidin-HRP (1 h at room temperature, followed by PBS wash) and DAB chromogen (2-5 min at room temperature, followed by distilled H 2 O wash; Pierce, Rockford, IL). Slides were counterstained with hematoxylin, decolorized with acid-ethanol, incubated with bluing reagent as above, dehydrated in increasing percentages of ethanol, cleared in xylene, and coverslipped with Cytoseal 60.
Chromogenic in situ detection of DNA fragmentation. The ApopTag Plus Peroxidase In Situ Apoptosis Detection kit (Chemicon) was performed according to the manufacturer's instructions with minor modifications as described previously (Tornusciolo et al., 1995) . Fivemicrometer-thick paraffin-embedded sagittal brain sections from five different mice of each genotype were deparaffinized as above, permeabilized for 10 min with 0.5% Triton X-100, oxidized for 5 min with 0.3% H 2 O 2 in PBS to reduce endogenous peroxidase activity, and subsequently washed with PBS. Slides were next prehybridized in equilibration buffer for 5 min, followed by hybridization with terminal deoxynucleotidyl transferase (TDT) enzyme for 2 h at 37°C. The hybridization reaction was terminated by incubation with stop buffer and PBS wash. HRPconjugated anti-digoxigenin was added next (overnight at 4°C), followed by PBS wash and chromagenic detection (15-20 min) using DAB metal (Pierce). Slides were counterstained with hematoxylin, decolorized with acid-ethanol, incubated with bluing reagent as above, dehydrated in increasing percentages of ethanol, cleared in xylene, and coverslipped with Cytoseal 60. Images with an area of 0.4 m 2 were captured from both the cortex (four contiguous fields immediately dorsal to the hippocampus) and five to seven contiguous fields encompassing the length of the CA1-CA2 region of the hippocampus. The numbers of TDTmediated biotinylated UTP nick end labeling (TUNEL)-reactive cells were counted in separate fields using Image Pro Plus-4 software, subsequently totaled for each brain region (ranging from 400 to 700 cells for the CA1-CA2 region of the hippocampus and from 500 to 700 cells for the cortex), and expressed as a percentage of the total number of nuclei counted in these corresponding fields.
DeOlmos silver stain. Silver staining was performed as a modification of a previous protocol (DeOlmos and Ingram, 1971) . Brains were perfused (4% paraformaldehyde, pH 7.4, in 0.1 M Tris) and postfixed in 4% paraformaldehyde, 0.9% sodium chloride, and 0.1% sodium cacodylate at least 2 d before sectioning. Brains were then cut sagitally using a vibrating microslicer (70 m thick). Free-floating sections were rinsed in deionized water and, after overnight incubation in cupric silver solution, were washed in acetone and stained with silver diammine solution. Sections were reduced in citric acid solution, rinsed with deionized water, bleached with 0.3% K 3 Fe(CN) 6 , and stabilized with 0.1% Na 2 S 2 O 3 . Sections were mounted on gel-coated slides, dried overnight, dehydrated in increasing concentrations of ethanol (30 -100%), cleared with xylene, and mounted with Cytoseal 60. The numbers of silver-positive neurons were counted using Image Pro Plus-4 software and averaged together from three different brains of animals representing each genotype. Brain regions assessed for neurodegeneration included the subiculum (one 0.4 m 2 field defined anatomically as immediately posterior to the CA1 hippocampal region and ventral to the cortex and corpus callosum), the CA1 region of the hippocampus (five to seven contiguous 0.4 m 2 fields representing 1 mm in length of the CA1 region), and the cortex (four contiguous 0.4 m 2 fields located immediately dorsal to the hippocampus).
Quantitation of neuron loss. The numbers of NeuN-immunoreactive cells (NeuN with the immunohistochemical protocol described above) were counted using Image Pro Plus-4 software and averaged together from brains of at least seven different mice representing each genotype. Brain regions assessed for neuron loss included the subiculum (one 0.4 m 2 field defined anatomically as immediately posterior to the CA1 hippocampal region and ventral to the cortex and corpus callosum), the CA1 region of the hippocampus (five to seven contiguous 0.4 m 2 fields representing 1 mm in length of the CA1 region), and the cortex (four contiguous 0.4 m 2 fields located immediately dorsal to the hippocampal CA1 region). The numbers of NeuN-immunoreactive cells from different fields of the same brain region of the same mouse were totaled together, and a group average was calculated.
Western blot. Hemibrains were homogenized in lysis buffer containing 25 mM HEPES, 5 mM EDTA, 5 mM MgCl 2 , 1% SDS, 1% Triton X-100, 1 mM PMSF, 1% protease inhibitor mixture, and 1% phosphatase inhibitor mixture (Sigma). Equal amounts of protein were resolved via SDS-PAGE and transferred to polyvinylidene difluoride. Blots were blocked for 1 h at room temperature (5% milk), followed by an overnight incubation with antibodies for cleaved caspase-3 or LC3 (see above), or for rabbit anti-␤-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA), which served as a loading control. Blots were washed with 1ϫ TBS containing 0.1% Tween 20, incubated with a secondary antibody (goat anti-rabbit IgG, 1 h at room temperature), and washed. Signal was detected using Supersignal chemiluminescence (Pierce). Blots were scanned for densitometric analysis using Bio-Rad (Hercules, CA) Quantity One software.
Statistics. For all experiments, each genotype tested (WT, Bax deficiency, CD deficiency, and combined Bax and CD deficiency) was represented by at least three different mice from at least three different litters. Significant effects of genotype were determined via one-factor ANOVA, and age-dependent effects of genotype on pup weights were determined via two-factor ANOVA. Post hoc analysis was conducted using Bonferonni's test. A level of p Ͻ 0.05 was considered significant.
Results
Previous investigation of CD-deficient mice indicated a failure to thrive beginning in their third postnatal week, with subsequent death by P26 Ϯ 1 (Saftig et al., 1995) . To determine whether Bax deficiency altered this general decline in health induced by CD deficiency, pups were weighed daily from P8 to P26 (Fig. 1) . WT control mice registered consistent increases in weight throughout this time period. Bax-deficient mice also consistently gained weight, although they weighed slightly less than WT control mice after P20. Although Bax-deficient mice appeared otherwise normal compared with WT controls, as described below, it is still possible that endocrinological, neurological, or metabolic differences exist between these two groups of mice that could possibly result in genotype-specific effects in brain function later in life. Both CD-deficient mice and combined Bax-and CD-deficient mice weighed significantly less than WT control mice from P20 to P26 and weighed significantly less than Bax-deficient mice from P23 to P26. However, Bax deficiency did not rescue the CD deficiency-induced weight loss, which was statistically similar in both CD-deficient and combined Bax-and CD-deficient groups of mice from P20 to P26.
The effect of targeted Bax deletion on CD deficiency-induced neuropathology was assessed initially by analysis of hematoxylin and eosin-stained sections from P25-P26 mice (Figs. 2, 3) . WT control and Bax-deficient control brains showed no evidence of apoptotic histological changes (Figs. 2 A, B, 3A, B) . In many regions of CD-deficient brain (including the cortex, CA1-CA2 hippocampal region, thalamus, and subiculum), there were numerous pyknotic cells with classical apoptotic features including condensed, fragmented, and hyperchromatic nuclei; apoptotic bodies; and marginated chromatin (Figs. 2C, 3C ,E). The majority of cells in CD-deficient brain that exhibited apoptotic morphology also exhibited hypereosinophilic cytoplasm, although there were also cells exhibiting hypereosinophilic cytoplasm without nuclear condensation or fragmentation (Figs. 2C, 3C ,E). In addition, there were cells with swollen, lipofuscin-laden cytoplasm in CD-deficient brain that lacked apoptotic morphology (Fig. 2C) . Pyknotic, hypereosinophilic cells and cells with swollen, lipofuscin-laden cytoplasm were still observed in the brains of combined Bax-and CD-deficient mice with a distribution similar to that of CD-deficient brain (Figs. 2 D, 3D, F ) . However, much of the apoptotic morphology exhibited in CD-deficient brain (including nuclear fragmentation, apoptotic bodies, and marginated chromatin) was rare in cells of combined Bax-and CDdeficient brain. Furthermore, there was an apparent reduction in CA1-CA2 hippocampal neurons with abnormal morphology in the combined Bax-and CD-deficient brains (Fig. 3 D, F ) .
To quantify cell death in situ, the TUNEL assay was performed, which is a sensitive marker of DNA fragmentation that occurs with both apoptosis and necrosis (Tornusciolo et al., 1995; van Lookeren et al., 1995) . The numbers of TUNEL-reactive cells were counted from both the cortex (Fig. 2) and the CA1-CA2 hippocampal region (Fig. 3) . WT and Bax-deficient cortex and hippocampus exhibited minimal TUNEL reactivity (Figs. 2 E,   Figure 1 . Bax deficiency (Bax KO) does not prevent decreased weight gain induced by CD deficiency (CD KO). Mice were weighed beginning on P8 until they were killed on or around P26. *p Ͻ 0.05, significantly different from WT control mice; † p Ͻ 0.05, significantly different from Bax-deficient mice. Data represent mean Ϯ SEM from at least three separate litters of mice. 3G). A significant increase in the percentage of TUNEL-reactive cells was observed in both CD-deficient (21 Ϯ 6%) (Fig. 2 F, H ) and combined Bax-and CD-deficient (18 Ϯ 3.7%) (Fig. 2G,H ) cortex compared with WT control (1 Ϯ 1%) (Fig. 2 E, H ) and Bax-deficient control (0.3 Ϯ 0.2%) (Fig. 2 H) , whereas no difference was observed between CD-deficient and combined Bax-and CD-deficient cortex. A significant increase in the percentage of TUNEL-reactive cells was also observed in CD-deficient CA1-CA2 hippocampal region (14 Ϯ 3.3%) (Fig. 3 H, J ) compared with WT control (0.5 Ϯ 0.3%) (Fig. 3G,J ) . In contrast to observations from the cortex, only a small percentage (3.6 Ϯ 1.3%) of TUNEL-reactive cells was observed in the combined Bax-and CD-deficient CA1-CA2 hippocampal region (Fig. 3 I, J ) , which was significantly less than that observed in CD-deficient hippocampus yet significantly greater than that of Bax-deficient controls (0.1 Ϯ 0.1%). TUNEL-reactive cells were also found consistently in both CD-deficient and combined Bax-and CD-deficient thalamus and subiculum (data not shown).
To confirm that the effects of CD deficiency were not influ- enced by bax gene dosage, the percentage of TUNEL-reactive cells was assessed in brains of CD-deficient mice that were separated into three groups according to bax genotype (homozygous WT, heterozygous, and homozygous Bax deficient). There was no significant difference in the percentage of TUNEL-reactive cells in the cortex (Fig. 4 A) of these three different groups of CDdeficient mice, which is similar to results observed in Figure 2 . In the CA1-CA2 region of the hippocampus, the percentage of TUNEL-reactive cells was statistically similar in CD-deficient mice that had either homozygous WT or heterozygous Bax genotypes (Fig. 4 B) . The percentage of TUNEL-reactive cells in the CA1-CA2 hippocampal region of combined Bax-and CDdeficient mice was significantly reduced compared with CDdeficient mice that were either homozygous WT or heterozygous for bax, which is similar to results observed in Figure 3 . Together, these results indicate that Bax heterozygosity did not offer any protection against CD deficiency-induced neuropathology.
The effect of genotype on the extent of apoptotic death in the brain was quantified by Western blot analysis of whole-brain lysates (Fig. 5 A, B) and assessed by immunohistochemistry (Fig.  5C ) for the cleaved "active" form of caspase-3. Cleaved caspase-3 was not detected in lysates prepared from WT or Bax-deficient control brains and was robust and significantly greater (migrating at 17 kDa) in lysates prepared from CD-deficient brain. Relative to brain extracts from CD-deficient mice with one or two copies of WT bax, cleaved caspase-3 was reduced significantly in combined Bax-and CD-deficient brain lysates. Immunohistochemical analysis of cleaved caspase-3 confirmed the results of Western blot analysis. Immunoreactivity for cleaved caspase-3 was virtually absent in brains of WT and Bax-deficient control mice (Fig. 5Ca,Cb) but was robust in CD-deficient cortex (Fig.  5Cc) , CA1-CA2 hippocampal region, thalamus, and subiculum (data not shown). Cleaved caspase-3-immunoreactive cells were rare in brains of mice with combined Bax and CD deficiency (Fig.  5Cd) , indicating that Bax deficiency markedly attenuated CD deficiency-induced activation of caspase-3. In addition, a population of cells with pyknotic, hyperchromatic nuclei was observed in CD-deficient cortex (Fig. 5Cc) , CA1-CA2 hippocampal region, thalamus, and subiculum (data not shown) that was not immunoreactive for cleaved caspase-3 and may represent latestage apoptosis typified by a decrease in cleaved caspase-3 from peak levels. However, this population of cleaved caspase-3-negative cells with pyknotic, hyperchromatic nuclei may also signify a population of cells undergoing caspase-independent cell death. This possibility is supported by a morphologically similar population of pyknotic, cleaved caspase-3-negative cells in combined Bax-and CD-deficient cortex (Fig. 5Cd) and in other brain regions.
Because our morphological assessments and results of TUNEL reactivity and cleaved caspase-3 immunoreactivity revealed persistent cell death in the absence of Bax-dependent apoptosis, the relationship of cell death to neurodegeneration was assessed using the DeOlmos cupric-silver stain protocol (Fig. 6) 6 A, B), cortex (Fig. 6C,D) , and subiculum ( Fig. 6 E, F ) . A virtual absence of silverpositive neurons was apparent in all WT (Fig. 6 Aa,Ca,Ea) and Bax-deficient (Fig.  6 Ab,Cb,Eb) brain regions. In sharp contrast, CD-deficient (Fig. 6 Ac,Cc,Ec) and combined Bax-and CD-deficient (Fig.  6 Ad,Cd,Ed) mice exhibited robust numbers of silver-positive neurons in these three brain regions (Fig. 6C,D) . This pattern of neurodegeneration was also present in other brain regions, including but not limited to the CA2 and CA4 hippocampal regions and the thalamus (data not shown). To quantify the effect of genotype on neurodegeneration, the numbers of silver-positive neurons were counted in the CA1 region of the hippocampus (Fig. 6 B) , the cortex (Fig. 6 D) , and the subiculum (Fig. 6 F) . The numbers of silver-positive neurons were dramatically and significantly greater in each of these regions of CD-deficient brain compared with WT and Bax-deficient controls, an effect that was statistically similar in these regions of combined Bax-and CD-deficient brains.
To correlate the increase in cell death and neurodegeneration observed in CDdeficient and combined Bax-and CDdeficient brains with potential changes in neuron number, NeuN immunoreactivity (a nuclear marker selective for neurons) was quantified in the CA1 hippocampal region (Fig. 7A), cortex (Fig. 7B) , and subiculum (Fig. 7C) . The total number of NeuN-positive neurons counted in WT and Bax-deficient brain regions was statistically similar, whereas significant reductions in neuron number were observed in each brain region examined in CDdeficient mice as well as in combined Baxand CD-deficient mice. Compared with controls, there were 30 and 20% decreases in neuron number in the CD-deficient and combined Bax-and CD-deficient CA1 hippocampal region, respectively (Fig. 7A) ; there were 45 and 35% decreases in neuron number in CD-deficient and combined Bax-and CD-deficient cortex, respectively (Fig. 7B) ; and there were 30 and 25% decreases in neuron number in CD-deficient and combined Bax-and CD-deficient subiculum, respectively (Fig. 7C ). There were no statistical differences observed in neuron number between CD-deficient and combined Bax-and CD-deficient brain regions. Together, the findings presented in Figures 2-7 indicate that Bax deficiency prevents the induction of apoptosis by CD deficiency but does not prevent significant increases in neurodegeneration and neuron loss.
In addition to neurons with classical markers of apoptosis, neurons with a robust accumulation of autophagosomes have also been identified in CD-deficient brain (Koike et al., 2000 Nakanishi et al., 2001; Walls et al., 2007) , which defines a state of autophagic stress. To determine biochemically the potential contribution of autophagic stress to neurodegeneration induced by CD deficiency, levels of microtubule-associated protein LC3-II were assessed by Western blot (Fig. 8 A, B) . Under homeostatic conditions, LC3 is detected predominantly as a cytosolic 18 kDa protein (LC3-I). However, under conditions of autophagic stress that exhibit an accumulation of autophagosomes, LC3 predominates as the post-translationally modified, 16 kDa LC3-II, which is thought to associate exclusively with membranes of autophagosomes (Kabeya et al., 2000) . Western blot analysis of lysates from WT and Bax-deficient brain indicated moderate levels of the cytosolic LC3-I and very low levels of LC3-II. Conversely, CD deficiency induced a dramatic and significant increase in LC3-II, an effect that was similar in combined Bax-and CDdeficient brains. LC3 levels and subcellular distribution were also evaluated by immunohistochemistry in the CA1 hippocampal region (Fig. 8C) and cortex (Fig. 8 D) . The intensity of LC3 staining was much more robust in the CD-deficient and combined Bax-and CD-deficient CA1 hippocampal region and cortex compared with brains of WT and Bax-deficient control mice and appeared in large intracytoplasmic aggregates, consistent with the accumulation of autophagosomes. The antibody used to detect LC3 does not differentiate between LC3-I and LC3-II. However, the dramatic increase in LC3 immunoreactivity and its clumped, granular appearance in CD-deficient neurons correlated well with that observed for LC3-II by Western blot, which together indicate autophagic vacuole accumulation and resultant induction of autophagic stress in CD-deficient brains in the absence of Bax.
The disruption of lysosome function by CD deficiency is known to result in the accumulation of undigested, autofluorescent lipopigment in lysosomes and/or accumulated autophagosomes (Koike et al., 2000) and may be associated with the induction of autophagic stress in CDdeficient brains. Autofluorescent material (expressed as average autofluorescence units) in the cortex (Fig. 9 A, B) , subiculum (Fig. 9C,D) , thalamus (Fig. 9 E, F ) , and CA1-CA2 hippocampal region (Fig.  9G,H ) was quantified as a function of genotype. Minimal autofluorescence was detected in WT or Bax-deficient control brains. In contrast, CD deficiency induced a robust and significant increase in average autofluorescence units in each brain region analyzed, an effect that was statistically similar in combined Bax-and CDdeficient brains.
Discussion
CD-deficient mice exhibit accelerated neurodegeneration concurrent with morphological and biochemical features of apoptosis and autophagic stress and serve as a useful model for the study of neurodegeneration associated with lysosome dysfunction, in particular as it relates to NCL. The targeted deletion of bax, a critical mediator of the intrinsic apoptotic pathway, dramatically attenuates activation of caspase-3 in CD-deficient brain, thus allowing for the contribution of Baxdependent apoptosis in CD deficiencyinduced neurodegeneration to be determined. Our findings indicate persistent CD deficiency-induced neuropathology that occurs in the absence of Bax-dependent activation of caspase-3 and apoptosis. This study not only suggests a limited role for Bax-dependent apoptosis in CD deficiency-induced neurodegeneration but also emphasizes the importance of caspaseindependent neuron death and neurodegeneration in models of lysosomal storage disorders.
Morphological and biochemical markers of apoptosis are observed in CD-deficient mouse brain (Figs. 2-5) , which corroborates results of previous studies indicating activation of caspase-9 and caspase-3 in CD-deficient mouse neurons and increased TUNEL reactivity in large neurons of CD-deficient cortex and thalamus (Nakanishi et al., 2001; Koike et al., 2003) . The targeted deletion of bax dramatically attenuates the activation of caspase-3 (Fig. 5) that results from CD deficiency and is associated with a reduction in apoptotic-like morphology. However, Bax deficiency neither alters the severity of neurodegeneration (Fig. 6 ) nor attenuates neuron loss (Fig. 7) in any brain region assessed in this study (cortex, CA1-CA2 hippocampal region, or subiculum), which indicates that neuron death and neurodegeneration principal aspartic acid protease, thus compromising an important means of proteolytic degradation (Saftig et al., 1995; Koike et al., 2000) . Lysosomal dysfunction in CD-deficient brain most likely hinders the normal recycling of autophagosomes, thus precipitating their progressive and rapid accumulation in neurons. The effects of lysosomal dysfunction induced by CD deficiency are reflected in the present study not only by an increase in autophagosomes (Fig. 8) but also by the remarkable increase in neurons with swollen cytoplasm (Fig. 2) and autofluorescence (Fig.  9) . Thus, although not directly assessed in this study, the manner in which autophagosomes accumulate in CD-deficient brain most likely results from an inhibition of autophagosome degradation rather from the stress-induced formation of nascent autophagosomes.
The accumulation of autophagosomes in CD-deficient brain is known to precede the appearance of apoptotic markers by several days (Koike et al., 2000 Nakanishi et al., 2001; Walls et al., 2007) , suggesting that CD deficiency-induced lysosome dysfunction and resultant autophagic stress may contribute in part to the induction of Bax-dependent apoptosis. In the present study, markers of lysosome dysfunction, including swollen neurons laden with undigested storage material (Fig. 2) and autofluorescence ( Fig. 9) , along with markers of autophagic stress (LC3-II accumulation and the "clumped" appearance of LC3 by immunohistochemistry) (Fig. 8) , are shown to persist in CDdeficient brain in the absence of Bax-dependent apoptosis. Previous examination of CD-deficient cortex and thalamus revealed a lack of autophagic stress-induced morphology in TUNELreactive, apoptotic neurons (Nakanishi et al., 2001 ). Together, these results suggest that lysosome dysfunction and autophagic stress induced by CD deficiency may contribute to the induction of Bax-dependent apoptosis in addition to other forms of neuron death in CD-deficient brains. Although it is likely that lysosome dysfunction contributes to CD deficiency-induced neuron death, future studies are required to delineate a putative role of autophagic stress in mediating neuron death and neurodegeneration.
Many in vitro studies have shown that pharmacologically or chemically induced lysosome dysfunction causes an inhibition of autophagy and produces autophagic stress as evidenced by the rapid accumulation of autophagosomes, events that can trigger cell-autonomous, Bax-dependent apoptosis (Zaidi et al., 2001; Boya et al., 2005; Shacka et al., 2006a) . Although the induction of Bax-dependent apoptosis may be related to lysosome dysfunction and the induction of autophagic stress in CD-deficient brain, results from the current study corroborates the hypothesis that apoptotic neurons can be distinct from those exhibiting autophagic stress (Nakanishi et al., 2001) . Differences between the in vivo and in vitro effects of lysosomal dysfunction may be explained in part by the nature of the models used. In vitro studies use relatively pure cultures of dissociated cells/neurons with the stimulus and death occurring autonomously within several hours, whereas the in vivo model of CD deficiency is characterized by progressive neurodegeneration that is influenced potentially by non-cell-autonomous processes including microglial activation.
In CD-deficient brain, Bax-dependent apoptosis may result indirectly from microglial activation and phagocytosis of neurons exhibiting autophagic stress. CD-deficient neurons exhibiting an accumulation of autophagosomes have been shown to be surrounded by activated microglia, although it is not clear what the mechanisms are that mediate this response (Koike et al., 2000; Nakanishi et al., 2001) . Activated microglia are known to express inducible nitric oxide synthase (iNOS), and increased iNOS has been documented in CD-deficient brain (Nakanishi et al., 2001 ). In addition, the systemic administration of NOS-selective inhibitors significantly attenuates the number of TUNEL-reactive neurons in CD-deficient brain without affecting those with autophagic stress-induced morphology (Nakanishi et al., 2001) , which further emphasizes the contribution of multiple types of neuron death in CD-deficient brain. When produced in excess, NO may react with superoxide to form the potent oxidant peroxynitrite (Beckman et al., 1990; Ischiropoulos and Beckman, 2003) . Both NO and peroxynitrite induce Bax-dependent apoptosis (Tamatani et al., 1998; Ghatan et al., 2000; Pervin et al., 2003; Shacka et al., 2006b ) and may also contribute to Baxdependent apoptosis of CD-deficient neurons.
In light of recent reports indicating mutations in CD lead to a deficit in CD activity in NCL patients (Siintola et al., 2006; Steinfeld et al., 2006) , it is tempting to speculate that the multiple types of neuron death observed in the CD-deficient mouse also exist in NCL, or at least in a subset of NCL patients, and that Baxdependent apoptosis also plays a limited role in NCL. In addition to NCL, lysosomal dysfunction and autophagic stress are currently implicated in many chronic neurodegenerative diseases of the aging brain, including Alzheimer's, Parkinson's, and Hungtinton's (Anglade et al., 1997; Roth, 2001; Bahr and Bendiske, 2002; Zhu et al., 2003; Ravikumar et al., 2004; Nixon et al., 2005) . A potential role for Bax-independent neuron death and neurodegeneration in these diseases is particularly compelling in light of conflicting evidence that questions the importance of apoptosis in neurodegenerative disease pathogenesis (Jellinger and Stadelmann, 2000; Roth, 2001) . Future studies of NCL and other neurodegenerative diseases should thus carefully consider the contribution of both apoptotic and autophagic stress-induced neuron death to their onset and progression. In addition, the development of agents that specifically target the downstream sequelae of lysosome dysfunction may prove useful in the treatment of NCL and other neurodegenerative diseases.
